The flammability haz ard as sess ment of wall and ceil ing lin ings has oc cu pied the at ten tion of fire sci en tists and en gi neers and reg u la tors over the last fifty years. Sev eral tests (small, me dium, and large) 
between tests used for reg u la tory pur poses (pre scribed test meth ods) and mea sure ments from tests that can be used for per for mance based reg u la tion and per for mance based design (per for mance based test methods).
Ma jor cri te ria for the se lec tion of per for mance test meth ods have been well set by the CIB Work ing com mis sion W060 [1] : -conditions of test under which the behavior of the article is being assessed must be realistic in relation to the expected conditions of use, or related to them in some known way, -there needs to be a clear scientific basis for relating the results of performance testing under simplifying conditions to conditions in practice, and -it is important to consider and reconsider whether the method will be suitable for predicting the behavior of the product under real conditions of use. For se lect ing and ver i fy ing a meth od ol ogy for build ing ma te ri als, ex pe ri ence has shown that three types of test ing have been developed: (1) end use scenarios such as the ISO room corner test (see fig. 1 test. In ter me di ate scale tests can be used for reg u la tion as well as for val i da tion of mod els us ing data from cat e gory 3 thus bridg ing cat e go ries 3 to 1.The ques tion is what small-scale test mea sure ments can pro vide what prop er ties to pre dict the end use sce nar ios and the inter me di ate scale tests A lot of prog ress has been made to es tab lish con fi dence that one can pre dict the char ac ter is tics of large-scale tests re lated to up ward flame spread. In this work we fo cus on the flammability clas si fi ca tion and haz ard eval u a tion of wall lin ings. The end use ap pli ca tion is the haz ard quan ti fi ca tion of a fire de vel op ing in a room. The cause of igni tion of wall lin ings is dif fer ent "fur ni ture" fires which might oc cur in a num ber of dif ferent oc cu pan cies such as of fice, liv ing room or ho tel-bed room type s of oc cu pancy. Some "fur ni ture" fires are so in tense that wall lin ings would add lit tle to the ini tial over all haz ard. Oth ers are so fee ble that they have lit tle ef fect on any wall lin ings [2] . All the cited con sid er ations may have been de bated for the de sign and de vel opment of the ISO room (2.4 ´ 3.6 ´ 2.4 m high) cor ner test for wall lin ings (ISO 9705) using a pro pane fire source in a cor ner and hav ing a spe cific door open ing [3] . This test has been ac cepted in many coun tries as a ref er ence sce nario for small rooms. Fer ris [2] fig. 4 . In this ex per i men tal room, a gas fire burner was de signed and used near the cor ner. The gas fire burner pro duced in ter me di ate size fire in ten sity so that the con tri bu tion of the wall and ceil ing lin ings would be es sen tial for haz ard ous con ditions to de velop. Sev eral types of wall boards treated and un treated were used. The wallboards were nailed to their po si tion ac cord ing to the usual meth ods or trade prac tices. boards in stalled both on the walls and the ceil ing. Short de scrip tion of wall board prop erties are in cluded in tab. 1. The rate of fire spread up the wall is re lated to the wall board and its treat ment. The rate of spread across the ceil ing cor nice is still a func tion of the wall board and its treat ment. Fer ris [2] also states (but it is not clear from this figure) that only at later times the ceil ing board and its treat ment af fects flame spread. Dif fer ences in ig ni tion times shown in fig. 5 are due to dif fer ent wall boards and thick ness, dif fer ent treat ment, and dif fer ent dry wall con struc tion.
Sim i lar ob ser va tions as in Fer ris's ex per i men tal room were made in much later work [4] in ISO room cor ner tests of wall lin ings as part of the EUREFIC program.
Some con clu sions reached from Fer ris's [2] and EUREFIC pro ject are: (1) vertical flame spread of flame was deemed to be an important characteristic of wallboards or other wall linings in addition to ignition time. For the medium size room in Ferris's experiments [2] , once flames reached the ceiling, little time elapsed until the whole room was engulfed in flame, (2) the rate of flame spread was related to the type of wallboard and its treatment and to lesser extent on the duration between the commencement of the tests and ignition in each case (see fig. 5 ), and (3) most important measure for hazard assessment and classification is the time from ignition until the flames reach the ceiling. It is noted that untenable conditions in the room [2] are developed when the flames reached the ceiling. Sim i lar con clu sions have been also reached as part of the EUREFIC [4] pro ject, about forty years later, and no tice ably that up ward flame spread de ter mines the haz ardous con di tions. We should point out that in the EUREFIC pro ject the cri te rion for haz ard as sess ment is the time to flashover and not the time to reach un ten a ble conditions. An im por tant con clu sion from the pre vi ous dis cus sion is that in stead of mod eling the room fire de vel op ment it is suf fi cient to use small-scale data to model up ward flame spread in a cor ner con fig u ra tion or sim ply on a sin gle wall, which may also be preheated by an ex ter nal heat flux. There fore, the more gen eral ques tion of how to model the room fire de vel op ment us ing small-scale data is fo cused and lim ited on how to model upward flame spread us ing small-scale data. Sim i lar con clu sion is reached when con sid ering the per for mance of ma te ri als in the par al lel wall test being developed by Fmglobal [13] .
For tu nately the sin gle wall sit u a tion is sim pler to deal with. Sev eral mod els have been de vel oped for up ward flame spread (Saito et al. [5] , Delichatsios et al. [6] , Beyler et al. [7] , the Nordic group: Karlsson et al. [8] , Kokkala [9] ). It is out of the scope of this work to re view in de tail the up ward flame spread mod els ex cept for lim ited com ments as fol lows: (1) the Saito et al. model [5] is based on an approximation that the flame height is proportional to heat release rate (HRR) for convenience in solving a flame spread equation. Such an approximation does not represent the physics of mixing and combustion well. [8] . Kokkala et al. [9] replaced this regression analysis using two indices I ign and I Q , an ignition and heat index which we will discuss later, -later Kokkala [10] used a simple flame spread equation to represent the flame spread on wood panels. (3) the model by Delichatsios [6] and later by Beyler [7] represents better the physics of combustion and pyrolysis rates using data and models based on measurements in the Cone calorimeter. More recently, this model [11] has been further validated by predicting flame spread in varying oxygen atmospheres. There has been ad di tional ef fort to in clude the flame spread model in room fire cor re la tions [12 as well as oth ers] by ac count ing also for down ward and lat eral flame spread. But the re sults by Fer ris [2] and the Nordic group [8] in di cate that the lat eral or down ward flame spread does not con trol, in gen eral, the fire haz ard in room fires.
We will con tinue the pres ent work uti liz ing the later ob ser va tion namely that upward flame spread in a cor ner con trols the fire haz ard of wall lin ings in room fires.
Brief description of Kokkala's method [8]
This method was de vel oped to re place re gres sion cor re la tions be tween the flashover time in the ISO room cor ner test and cone re sults [7] . It is not based on mod eling of flame spread but it is us ing two in di ces: -an ignition index
where the ignition time is determined as the time when the heat release rate from the sample reaches 50 kW/m 2 , and -a heat release index
where the HRR per unit area & ¢¢ q is measured in the cone calorimeter. The exponent m is selected to better represent the hazard in the ISO room configuration [8] .
Both ig ni tion times and heat re lease are to be de ter mined at an im posed heat flux of 50 kW/m 2 . There are some ob ser va tions that may help when us ing these in di ces to clas sify and re pro duce the ISO room flashover times: (a) the definition of ignition time may not be appropriate for fire retardant materials where flaming ignition may occur later than the time at which the heat release rate reaches the value of 50 kW/m 2 , (b) there is a delay in the system when measuring the heat release rate due to the flow transients in the cone calorimeter measurements, and (c) if a metal facing is installed on the wall lining, the so defined ignition time [8] is not vary useful for describing the upward flame spread that occurs after the facing melts away.
In tab. 2, we in clude times to ig ni tion mea sured by vi sual ob ser va tions and by the 50 kW/m 2 cri te rion. There are sig nif i cant dif fer ences, some of which may be explained by the pre vi ous re marks. This casts some doubts on the use ful ness of the def i nition of ig ni tion time by us ing the 50 kW/m 2 cri te rion. The sec ond pa ram e ter I Q (eq. 2) is some what ar bi trary too. The se lec tion of m = = 0.93 is pro posed to seg re gate the flashover times in three classes whereas the ex po nent m = 0.34 is used to seg re gate the flashover times in two classes [8] .
To il lus trate what the ef fects of these ex po nents are we con sider a top hat pro file of max i mum heat re lease rate & max ¢¢ q and du ra tion t B , which may be char ac ter ized as a burnout time. Then for m = 0 .93: 
In the first case em pha sis is given to the max i mum heat re lease rate while in the sec ond case the burn out du ra tion is also more pro nounced. In ei ther case the phys ics of flame spread are not well re pro duced.
Fig ures 6a and 6b shows how these in di ces are ap plied for the SBI re lated round robin ISO room cor ner tests [10] . Fig ure 6a for the three or four class haz ard clas si fi cation and fig. 6b for the two-class haz ard clas si fi ca tion. The lines in fig. 6a in di cate the times to flashover at 2 min utes and 12 min utes [8] . The line in fig ure 6b in di cates the flashover time of 10 min. Al though most of the prod ucts are plot ted in the cor rect part of the two-in dex plane, there are still sev eral "prob lem atic" prod ucts. Ta ble 3 in cludes the prod ucts tested in the SBI round robin pro ject in clud ing the cone data and the time to flashover in the cor re spond ing ISO room cor ner test.
A consistent upward flame spread model and correlations
Based on our work [11] , it is shown that up ward flame spread can be char ac ter ized by two quan ti ties a length scale L m and an ig ni tion time t ign that also char ac ter izes the spread time. In the Ap pen dix, we pres ent a sim pli fied der i va tion of these re la tions to gether with a dis cus sion of the im por tance of burn out time or oth er wise de scribed as the du ra tion of ma terial burn ing. The length scale is pro por tional to the square of the HRR sper unit area. This heat re lease rate can be mea sured in the cone calorimeter at an im posed heat flux that would de pend on the spe cific ap pli ca tion. A heat flux of 50 kW/m 2 is cho sen * for il lus tra tion as in other cor re la tions [8, 9] . Ig ni tion times are also mea sured at this heat flux. For sim pli fi ca tion that is not nec es sary [see ref. 11], we con sider that the heat re lease rate has a top hat pro file of to tal time du ra tion t B af ter ig ni tion starts. The pres ent ap pli ca tion is valid for any ma te rial thick ness (from ther mally thin to thick con di tions).
If times of in ter est are less than the burn out time t B , the lo ca tion of the front is given by the func tional re la tion (see Ap pen dix):
In this case the char ac ter is tic spread ve loc ity is:
In eq. (6) & ¢¢ q is the heat re lease rate per unit sur face area at 50 kW/m 2 . If the times of in ter est are lon ger than the burn out time, the char ac ter is tic spread ve loc ity is still given by eq. (6) and the max i mum py rol y sis length is given by eq. (9) of the Appendix:
In the pres ent re port, we will ig nore the burn out times and con sider only the max i mum HRR (this would be sim i lar to Kokkala's [9] us ing the ex po nent m = 0.93). We can also check whether the char ac ter is tic flame spread speed in eq. 6 is ap pro pri ate to clas sify var i ous wall ma te ri als. We plot in fig. 7 , this pa ram e ter vs. the clas si fi ca tion of SBI re lated round robin ISO room cor ner tests. For this figure (1) in di cates flashover times over 20 min utes, (2) flashover times over 10 min utes (and less than 20 min utes), (3) flashover times over 2 min utes (and less than 10 minutes), and (4) flashover times less than 2 min utes.
This fig ure shows that there are "prob lem atic" ma te ri als as in the cor re la tion of Kokkala in fig. 6a and 6b. What we can def i nitely say form fig. 7 is the fol low ing:
-for "bad" ma te ri als The choice of the im posed heat flux needs con sid er able in ves ti ga tion. Its mag ni tude would de pend on the HRR and the flame height of an exposure fire causing the ignition of the wall ma te rial. It would also depend on the ra di a tive prop er ties of the wall ma te rial. Both these fac tors can be in cluded by con sid er ing the smoke points of the ex po sure fire and the wall ma te rial. We limit here the anal y sis for wall heights aless than 2 me ters and pro vide only a rel a tive fire be hav iour of wall ma te ri als. For val ues of the char ac ter is tic spread ve loc ity be tween 0.15 and 0.34 flashover can oc cur at times greater than 2 min. as fig. 7 shows. The time to flashover in this case de pends also on the thick ness of the ma te rial and the method of sub strate ap pli ca tion on the room walls.
Comments on using upward flame spread parameters for the time to flashover in the ISO room corner test
Even though ob ser va tions show that flashover gen er ally fol lows soon af ter flames reach the ceil ing height, the time to flashover may not be di rectly pro por tional to this time be cause other phe nom ena are in volved as soon as a hot layer is formed in the room. For ex am ple burn out time may be very im por tant in this case: al though the flames may reach the ceil ing rel a tively fast flashover may not oc cur be cause there is not enough ma te rial to burn. On the other hand, even if the spread up the cor ner is rel a tively slow, for ma tion of the hot layer may in duce heat fluxes that can cause lat eral and down ward flame spread and lead to flashover.
For these rea sons, the ISO room cor ner test is not a good method of clas si fy ing mate ri als that are in a bor der line sit u a tion re gard ing the time to spread up the cor ner of the room. This dis cus sion ex plains also the prob lem atic ma te ri als in figs. 6a and 6b as well as in fig. 7 .
Interpretation of FIGRA index for HRR in the SBI using cone data
The clas si fi ca tion method in the SBI ( fig. 2 ) was de vel oped to be con sis tent with prod uct rank ings ob tained ac cord ing to the Room/Cor ner test. The ba sic idea was to relate the class lim its to flashover. Thus, the Fire Growth Rate in dex FIGRA was se lected to be the prin ci pal clas si fi ca tion parameter [10] . The def i ni tion and de ter mi na tion of FIGRA in dex for heat is ob tained in the follow ing way [10] . FIGRA = max & / Q t where & Q is the HRR mea sured in the SBI test av er aged over 30 sec onds (in kW) and t is the time from the be gin ning of test (in seconds).
The fire flow near the cor ner be haves as the fire flow on a ver ti cal wall [10] . Based on our model [11, see also Ap pen dix], the py rol y sis front and the HRR can be approx i mately ex pressed as a sec ond power of time: Here W is the width of the flow in the cor ner and we no tice that:
¢¢ . If L is the height of the cor ner con fig u ra tion in the SBI test, the last two re la tions can be used to ex press FIGRA as:
This re la tion is de rived by no tic ing that FIGRA oc curs when X p = L = the height of the open cor ner. The last pa ram e ter is ex actly the one pro posed by our mod el ing approach. This ob ser va tion ex plains the good cor re la tion in fig. 8 .
In fig. 8 we plot the same pa ram e ter vs. the FIGRA HRR pa ram e ter in the SBI test for all ma te ri als listed in tab. 3. FIGRA pro vides a more con sis tent dis crim i na tion and cor re la tion with small scale flammability prop er ties in com par i son to flashover time in the ISO room cor ner tests (see fig. 7 ). Fig ures 9 and 10 also pro vide an addi tional proof that up ward flame spread on a wall re pro duces quite well the sim ilar spread time as in en clo sure [2] . Figure 9 is a pic ture of a 9 ft ver ti cal wall heated by a mov ing bank of ra di ant panels [2] wherein the max i mum heat flux is ap plies to the bot tom of the wall. A small pi lot ini ti ates ig ni tion. Fig ure 10 com pares up ward spread times in the cor ner of the en clo sure and the sin gle wall of fig. 9 . These re sults in fig. 10 may be con sid ered as an other jus ti fi cation for us ing the SBI for ma te rial classi fi ca tion. Here the heat re lease rate & ¢¢ q per unit area is known from the cone cal o rim e ter for an im posed heat flux of the same mag ni tude as in the wall flames. For the pres ent il lus tration, we as sume that this flame heat flux is con stant over the pe riod of in ter est (but it may change for dif fer ent ma te ri als and length scales, see some pre vi ous pa pers). The ig ni tion time in eq. 1 cor re sponds to the same im posed heat flux and it is mea sured in the cone.
In the cor re la tion anal y sis we will use first the max i mum heat re lease rate per unit area with out con sid er ing its time his tory (but more anal y sis fol lows later). In ad dition, with out loss of gen er al ity we ig nore the ef fects of initial exposure (ex ter nal) fire.
Us ing eqs. (A2) and (A3) and af ter some al ge bra, eq. (A1) be comes: 
where
These re la tions show that X p /L m is a func tion of t/t ign which is in agree ment with pre vi ous de tailed der i va tion.
In ad di tion, it is easy to see by in spec tion that a sim ple most im por tant pa ram e ter is a char ac ter is tic flame spread ve loc ity given by:
